The investigations of magnetic properties were focused on the influence of sample thickness on coercivity and permeability of magnetic substrates made of NiFeCuMo alloy. The transition from 2 mm thick samples to 200 nm films samples resulted in a significant increase in coercivity and a reduction in permeability. The deterioration of the magnetic properties of NiFeCuMo thin layers required 1000 times higher external magnetizing field than the typical coercive field for pre-annealed NiFeCuMo sheets and bulk forms.
Introduction
Soft magnetic substrates have attracted much attention for the use in modern sensors and spintronic devices [1] [2] [3] . One of the soft magnetic materials is ironnickel (Ni 80 Fe 20 wt.%) alloy, also called permalloy (Py). Very high relative permeability, low coercivity, low magnetic anisotropy, and low costs of Py make it a promising material for spintronic research [4, 5] . The physical properties of NiFe alloys are measured in terms of magnons propagation [6] , damping factor [7] and magnetic anisotropy [8] .
The first observation of spin Seebeck effect (SSE) was made with the use of the Ni 81 Fe 19 substrate [9] and since then Ni-Fe-based alloys have been investigated to increase inverse spin Hall effect voltage (V ISHE ) or to improve the efficiency of spintronic devices [10] [11] [12] .
Excellent magnetic properties of permalloy increase the number of NiFe alloy applications such as: spin valves [13] , spin-wave multiplexer [14] , spin-wave signal splitter [15] and also in racetrack memory [16] . Nowadays, pure Py alloys and multilayers with Py [17] , the Py nanowires [18] , filtering or guiding layers [19] are investigated. Different excitation methods of spin waves in Py are developed e.g. by laser pulses [20] , thermoelectric modules [10] , or microwave antennas [21] .
The Py is an electric conductor, therefore observation of spin waves is disturbed by the flow of charge current and it is harder to measure pure spin voltage in Py than in an electric insulator. Nowadays, a separation of the spin Seebeck effect from anomalous and planar Nernst effect is investigated [22] [23] [24] [25] .
The spin waves propagation in a ferromagnetic bulk is described by the Landau-Lifshitz-Gilbert equation [26, 27] :
where M is a magnetic moment, γ < 0 is the gyromagnetic ratio for an electron spin, H ef f is an effective field, M is the magnitude of M and α is the Gilbert damping coefficient. Magnetic field in the sample is an effective field H ef f and it is a resultant of four magnetic fields as shown below [28] :
where H d is the magnetostatic field, H ex is the exchange field, H a is the anisotropy field and H b is the external applied field. The formula (3) for magnetostatic field H d [29] :
where φ is scalar potential. H d is related to the Zeeman energy, which is obligatory to unify the direction of all magnetic moments of dipoles when H b is applied. Due to H d the magnetic field inside the sample will be smaller than H b . The H ex [29] given below (4) originates from short-range magnetic interactions, which allow the individual magnetic moments to be aligned below the Curie temperatures
where A is the exchange constant and M S is the saturation magnetization. Field H a [30] is given by (5) :
where K is anisotropy constant.
The coercive field H c is related to magnetic properties of the sample such as magnetization, anisotropy, exchange constant and defects of magnetic material [31] . In addition, the mechanical stresses, purity of layers, structural defects, anisotropy and eddy currents have influence on the coercivity of magnetic substrate and therefore the value of H ef f is not constant [32] . Moreover, the magnetic properties of magnetic substrates differ with the change of thickness of these substrates [33] .
In research papers the spin effect was observed for very different values of external magnetic field for similar samples and systems. For example, in magnetic substrates dedicated to spintronics the spin effects are observed with H b from 50 Oe to 50000 Oe [34, 35] . Therefore, it is not clearly known what the appropriate value of magnetic excitation is.
In this paper the influence of thickness and preparation of the samples on coercivity and hysteresis loops was investigated in different samples made of NiFeCuMo.
Magnetic parameters of permalloy
By changing the proportion between Ni and Fe it is possible to obtain different magnetic properties in permalloy. In alloys with 70-80% of Ni the saturation polarization is from 0.7 to 0.8 T and maximum relative magnetic permeability from 70,000 to 450,000. Permalloy with 55-70% of Ni exhibits 1.2-1.5 T saturation polarization and it is often used for tape cores. By reducing the amount of Ni in permalloy to 35-50% it is possible to obtain the materials with saturation up to 1.6 T polarization and relative magnetic permeability from 50,000 to 135,000 [36] . These values can be changed by addition of non-ferromagnetic elements e.g. molybdenum (Mo), copper (Cu) or chromium (Cr). Alloys with addition of Mo have ten times higher permeability and higher resistivity than Py [37] . When cobalt (Co) is added to NiFe the constant permeability and zero hysteresis losses are obtained at low fields of up to 200 A/m [5] . NiFeCu alloys are attractive because of their low coercive field [38] .
Not only are the typical magnetic parameters investigated. Since the permalloy has been recognized as a promising material for spin caloritronics, also the parameters such as damping constant or gyromagnetic ratio are determined [39] . In addition, different alloys based on Py are investigated to improve the parameters of spin effects. One of such alloys is NiFeCuMo, which presents softer magnetic properties than pure NiFe [1] and some magnetothermal effects in NiFeCuMo have been already observed [40] . This alloy has a very low coercive field and therefore the applied value of H b does not have to be high to observe magnons. NiFeCuMo has also low thermal resistance and therefore generation of temperature gradient in such an alloy is more difficult. On the other hand, low thermal resistance enables NiFeCuMo alloys to be used in spin caloritronics applications since the transport of heat is easier.
Sample preparation and measurement setup
In the study alloys with nominal composition Ni 77 Fe 15 Cu 5 Mo 3 (wt%) were used in form of sheets, rings and sputtering targets. During the research two types of NiFeCuMo rings 100 µm and 2 mm thick ( Fig. 1a and Fig. 1b ), two types of NiFeCuMo sheets 50 µm and 100 µm thick ( Fig. 1c and Fig. 1d ), 200 nm thick NiFe-CuMo film sputtered on glass ( Fig. 1e ) and 8 µm thick NiFeCuMo film sputtered on Al 2 O 3 substrate (Fig. 1f ) were investigated. Samples were numbered from I to VI. NiFeCuMo films were sputtered by thin film deposition system Nano 36 from Kurt J-Lesker. The composition ( Fig. 2a ) was analyzed using an EDS probe X-MAX N80 from Oxford Instruments. The measurements and calculations of percentage weights are collected in Table I . Figure 2b depicts a SEM micrograph of a surface of the sample II. Magnetic polarization J, coercive field H c , hysteresis loops J(H) and initial magnetization curves J(H) were measured in order to verify the influence of processing and thickness of samples on magnetic properties.
The magnetic properties of the samples I and II were measured in accordance with the recommendations of IEC 60404 standards. Magnetic field strength H and polarization J were measured using a shunt resistor and pick-up coils, respectively [41, 42] .
The magnetic properties of sputtered NiFeCuMo films on Al 2 O 3 and glass substrates as well as NiFeCuMo sheet-type sample III and sample IV were recorded at room temperature by VSM magnetometer VersaLab (Quantum Design).
Results and discussion
The nominal and measured NiFeCuMo samples compositions are shown in Table II . Magnetic properties of the sputtered thin NiFeCuMo films, NiFeCuMo sheets, and reference NiFeCuMo bulk sample were determined based on the static hysteresis loops analysis. In Fig. 3 and Fig. 4 hysteresis loops and coercivity measured for bulk samples were compared. The measurements of these loops were made using method defined in IEC standard (IECM) (sample I and sample II) and VSM magnetometer (sample III and sample IV). As shown in Fig. 3 , relative magnetic polarization J/J max is similar for all bulk samples. Influence of stray field on sample III and sample IV is observed and therefore they required higher applied H to obtain saturation in comparison to ring-type samples. As shown in Fig. 4 , the smallest H c was measured for ring-type samples H c = 0.06 kA/m (sample I) and H c = 0.13 kA/m (sample II). For the sheet-type samples the measured coercive fields were higher H c = 0.63 kA/m (sample III) and H c = 1.25 kA/m (sample IV), since the defected volume of sample near the processed edges is significant in relation to total volume of sheet-type samples.
Changes in saturation and coercivity for thin film samples ≤ 100 µm are shown in Figs. 5 and 6. The measurements of these loops were made using VSM. The hysteresis loops measured for sheet-type samples and thin film samples are shown in Fig. 5 . The saturation scatter level of measured samples is very high while the slope of magnetization is similar. Sample V where NiFeCuMo was sputtered on glass had very poor magnetic properties with H c = 2 kA/m ( Fig. 6 ) and it cannot be used in spintronics applications.
The comparison presented in Fig. 6 shows that the coercivity field measured for sample VI was H c = 0.27 kA/m and it was smaller than for sample III (H c = 0.63 kA/m) and sample IV (H c = 1.25 kA/m). Magnetization of pure glass and ceramic substrates was taken into account and it had magnetic response at the level of 10 ppm in comparison to magnetization of NiFe-CuMo samples.
The highest convergence of measurements with the nominal parameters was observed for sample I and sample II tested by the IECM. Deterioration of magnetic parameters of bulk samples ( Figs. 3 and 4 ) examined with VSM might be related to the preparation of the test samples, implementation of another measurement method or inhomogeneity of magnetic properties.
Conclusions
This study shows that the coercivity and hysteresis loops of Ni 77 Fe 15 Cu 5 Mo 3 alloy were affected by the sample thickness and its preparation. Smallest coercive fields were measured for the ring-type samples H c = 0.06 kA/m and H c = 0.13 kA/m (latter with larger thickness) and they were in good agreement with the nominal parameter. When the alloy was deposited as a film (thickness of 200 nm) on a glass substrate, the worst parameters of H c = 2 kA/m were observed and could be caused by the inhomogeneity of the layer. It has been proved that constant value of H c should not be assumed when studying the magnetic behavior of samples with different thickness and form: discrepancy between rated and measured parameters reached more than 10 3 .
